Miniature ultrasonic probes were developed by hydrothermally depositing lead zirconate titanate (PZT) polycrystalline films on a titanium (Ti) wire. The small ultrasound probes were fabricated using hydrothermally deposited PZT polycrystalline film on the end of a titanium wire with a diameter of 0.6 mm and a length of 50 mm. The performances of the prototype small ultrasound probes were measured. As a result, it was confirmed that the probe has a center frequency of 16 MHz, a fractional bandwidth of 70%, and a distance resolution of better than about 130 mm without using an acoustic matching layer. It was also found that the beam width was 0.55 mm for a distance of 4 mm between the string target and the miniature ultrasound probe.
Introduction
Recently, miniature and high-frequency ultrasound probes have been actively developed in the medical field. Piezoelectric ceramics or piezoelectric polymer films are used as piezoelectric materials for the miniature high-frequency ultrasound probe. Piezoelectric polymer films show wideband frequency characteristics but have the problem of low transmitting sensitivity. The ultrasound probes using piezoelectric ceramics show high transmitting sensitivity. However, the piezoelectric ceramics are brittle, and the ultrasound probe using piezoelectric ceramics has narrow-band frequency characteristics. Thus, we considered the deposition technology of lead zirconate titanate (PZT) polycrystalline films by the hydrothermal method. PZT polycrystalline films deposited by the hydrothermal method have piezoelectricity without a poling process, and it is easy to deposit PZT polycrystalline films on substrates with a tiny or complex shape. 1, 2) We reported the fabrication of needletype miniature hydrophones and ultrasound transducers using hydrothermally synthesized PZT polycrystalline films. 1, 3, 4) We confirmed that the hydrothermally synthesized PZT polycrystalline films showed wide-band frequency characteristics with sensitivities in the megahertz band. It is thought that miniature ultrasound probes with widefrequency band characteristics can be fabricated using hydrothermally synthesized PZT polycrystalline films. However, there has been no report on a device transmitting and receiving ultrasound using a single ultrasonic probe fabricated using hydrothermally synthesized PZT polycrystalline films. In this study, as a basis for the fabrication of small ultrasound probes, miniature ultrasound probes with a single-element transducer were fabricated and the performances of the fabricated ultrasound probes, such as their transmitted and received waveforms and their spectra, distance, and lateral resolutions, were evaluated.
Experimental Methods

Deposition of PZT polycrystalline films on Ti wire
PZT polycrystalline films could be deposited hydrothermally on the end of a Ti wire with a diameter of 0.6 mm for the fabrication of the small ultrasound probe. The crystal nucleation process was accomplished at 140 C and the crystal growth process was accomplished at 160 C. [4] [5] [6] [7] One cycle of the crystal nucleation process and five cycles of the crystal growth process were accomplished. Other conditions were the same for both processes of the hydrothermal method. The deposition conditions of PZT polycrystalline films on Ti wires for the fabrication of the miniature ultrasound probe are shown in Table I . Figure 1 shows the scanning electron microscopy (SEM; JSM-5500, JEOL) images of the PZT piezoelectric polycrystalline film deposited on the end face of a titanium wire by hydrothermal synthesis. It was found by observing the SEM cross section of the PZT polycrystalline film deposited on the titanium wire that the thickness of the PZT polycrystalline film was about 10 mm.
Assembly of small ultrasound probe
A Ti wire with a hydrothermally deposited PZT film is connected to the inner conductive line (signal line) of a coaxial cable, and an insulating layer of acrylic resin is coated on the side surface of the Ti wire and the inner conductive line. A conductive resin was coated all over the surface of the miniature ultrasound probe as an electrostatic shield and ground, and it was connected with the outer conductive line (ground line) of a coaxial cable. Figures 2 and 3 show a schematic diagram and a photograph of the fabricated small ultrasound probe, respectively. 2.3 Performance estimation of fabricated small ultrasound probe A styrene foam reflector was used for observing the transmitted and received ultrasound pulses of our fabricated ultrasound probe. The styrene foam reflector was placed in water and located 4 mm from the acoustic radiation surface of probe. A pulser receiver (Model 5800PR; Panametrics) was used to drive the fabricated miniature ultrasound probe and to amplify the output signal from the probe. The frequency band of the pulser receiver is from 1 kHz to 35 MHz. We think that the pulser receiver used did not have sufficient performance for the estimation of the characteristics of the fabricated ultrasound probe. However, we could not use a pulser receiver with a higher performance. A burst wave with a peak-to-peak voltage of 250 V pp , a frequency of 20 MHz, and 1.5 cycles was applied to the fabricated ultrasound probe with the pulser receiver. The output signal from the ultrasound probe was amplified using a preamplifier with a gain of 60 dB in the pulser receiver. The input impedance of the preamplifier was in the range of 500 to 100 at frequencies from 1 to 35 MHz. (in particular, it was 233 at 16 MHz). The distance resolution was calculated from the received waveform, and the fractional bandwidth was calculated from the received frequency spectrum.
Then, the distance resolution was measured. The test piece for distance resolution measurement was fabricated using a nickel alloy and epoxy resin. It was prepared by molding epoxy resin (90 min curing types; Konishi) on a nickel alloy disk. The air bubbles contained in the epoxy resin were degassed using vacuum degassing apparatus before curing. After that, the surface of the epoxy resin was polished using a polishing machine. The thickness of the epoxy resin layer on the surface of the nickel alloy disk was about 200 mm. If the echoes from the surface of the test piece and the surface of the epoxy resin can be separated, it could be confirmed that the axial resolution would be higher than 200 mm. The distance between the fabricated miniature ultrasound probe and the surface of the test piece was 4 mm.
Furthermore, the ultrasound beam width transmitted from the fabricated miniature ultrasound probe was measured. An aluminum wire with a diameter of 25 mm was used as a string target. The diameter of the aluminum wire was thinner than the wavelength (75 mm) of the ultrasound wave at 20 MHz from the probe. The beam width was measured for distances of 4 and 10 mm between the string target and the fabricated ultrasound probe by scanning the probe horizontally. Figure 4 shows the measurement system of the transmission and reception of the waveform, axial resolution, and beam width.
Results and Discussion
The experiments on transmitting and receiving an ultra-300 µm 30 µm Fig. 1 . SEM images of hydrothermally synthesized PZT films on the end of titanium wire with diameter of 0.6 mm for fabrication of the miniature ultrasound probe. Fig. 2 . Schematic diagram of small ultrasound probe using hydrothermally synthesized PZT film on titanium wire. Fig. 3 . Photograph of fabricated miniature ultrasound probe using hydrothermally synthesized PZT polycrystalline film on Ti wire with diameter of 0.6 mm.
sound wave were performed in water using the fabricated miniature ultrasound probe. Figure 5 shows the result. The received waveform was observed 4.6 ms after the transmission of the ultrasound wave. Figure 6 shows the received waveform. It was observed that the received ultrasound waveform has 2.5 cycles of burst and a pulse width of about 130 mm. Then, the axial resolution in water was calculated from Fig. 6 . It was found that the axial resolution of the fabricated miniature ultrasound probe was about 130 mm (À20 dB). Then, it was measured to determine whether the probe could resolve actually the surface and bottom of the epoxy layer, separated by about 200 mm, in the test piece to measure the distance resolution. The result is shown in Fig. 7 . It was confirmed that the probe could resolve the surface and the bottom of the epoxy layer at a distance of about 200 mm in the test piece. Figure 8 shows the frequency spectrum calculated from the received waveform in Fig. 6 by fast Fourier transform. It was found that the center frequency was 16 MHz, and the fractional bandwidth was 70%. It was confirmed that the fabricated miniature ultrasound probe had wide-band frequency characteristics. Next, the beam width of the probe was measured. Figure 9 shows the result. Beam widths were calculated for distances of 4 and 10 mm between the acoustic surface of the probe and the string target. Beam widths were defined to be the À6 dB width in the measured beam profiles. (0 dB is defined as the maximum acoustic pressure in the measured beam profile.) The beam width was estimated for a 0.55 mm at distance of 4 mm from the ultrasound probe, and 1.45 mm for at distance of 10 mm. The values of the beam widths were also calculated from the aperture diameter of the fabricated ultrasound transducer of 0.6 mm, the driving frequency of 20 MHz, and the distances between the probe and the Table II . It was confirmed that the measured and calculated values of the beam width were in good agreement.
Conclusions
Miniature ultrasound probes were fabricated by depositing a PZT polycrystalline film on the end face of a titanium wire by hydrothermal synthesis. The performances of the fabricated miniature ultrasound probes were measured. Ultrasound waves were transmitted and received by the miniature ultrasound probe in water. The calculated fractional bandwidth from the received waveforms was 70%, and axial resolution of the small ultrasonic probe was about 130 mm. Furthermore, it was confirmed that the fabricated miniature ultrasound probe could resolve the surface and bottom of an epoxy layer, which were at a distance of about 200 mm in a test piece. The beam width was 0.55 mm for a distance of 4 mm between a string target and the probe. From our results, it is thought that hydrothermal synthesis can be applied to the fabrication of miniature ultrasound probes. 
